Enhanced indirect fluorescence detection with in-column optical-fiber LED-induced fluorescence (LED-IF) detection has been developed for the simultaneous separation and determination of p-nitrophenol, 2,4-dinitrophenol and trinitrophenol. The instrumental set-up is simple, cost-effective and the detection method is stable. Different experimental parameters have been studied. The optimum conditions were determined as: running buffer (pH 9.1) composed of 10 mM borate, 80 mM sodium dodecylsulfate and 0.18 μM fluorescein (as a background reagent); applied voltage of 15 kV; working temperature of 25.0 C. The limits of detection (S/N = 3) were 11, 18 and 16 μM for p-nitrophenol, 2,4-dinitrophenol and trinitrophenol, respectively. The nitrophenols were completely separated in 13 min and the number of theoretical plates for p-nitrophenol, 2,4-dinitrophenol and trinitrophenol were 8.1 × 10 6 , 6.5 × 10 6 and 8.4 × 10 6 , respectively. The RSDs (n = 6) for the migration time and the peak area were better than 0.85 and 0.91%, respectively. Our proposed method possesses the advantages of rapidness and good separation efficiency.
Introduction
It is well known that indirect detection is applicable to analyze samples that inherently do not contain chromophore or fluorophore. 1 This detection technique has been employed in high-performance liquid chromatography 2 and capillary electrophoresis (CE). 3, 4 The detection mechanism can be explained by the displacement of a visualizing reagent from the sample zone to maintain local charge neutrality. 1, [5] [6] [7] Currently, one of the most sensitive detection techniques in CE is laser-induced fluorescence (LIF) detection, 8 which was first introduced into CE by Zare et al. 9 In order to detect compounds without native fluorescence, indirect LIF [10] [11] [12] [13] [14] can be applied to determine these compounds. However, most indirect LIF detections possess the disadvantages of high background noise, using single-wavelength detection and requiring relatively expensive laser equipment. To our knowledge, most current commercial lasers cannot meet the demand of multi-wavelength fluorescence detection. A light-emitting diode (LED), as a novel excitation light source, [15] [16] [17] [18] [19] [20] has increasingly received much attention, attributing to its lower cost and broad illumination band. LEDs can cover from near UV to visible-light regions, which make them more versatile and a better of choice for LED-IF detection. In addition, the low background noise of LEDs improves the signal-to-noise ratio (S/N) in detection. As such, their lower cost, good durability, and availability over a large range of wavelengths make them an excellent alternative excitation light source for CE. 21 So far, only one literature 22 reports the use of LED and indirect fluorescence detection in CE. Their design is based on a right-angle arrangement between an LED and a detector. Although this right-angle-type detection system has been used in some applications, it is no longer a mainstream design in CE because its light-collection efficiency is limited, because a larger numerical aperture of the microscope objective cannot be used. 23 In this article, we firstly report on the development of a new CE system incorporated with in-column fiber optics LED-IF detection for the determination of various nitrophenols. The in-column fiber optics LED-IF detection system was successfully applied to other applications in our previous work. 24, 25 The detector uses a simple and inexpensive optical system that can avoid light reflection and scattering on the capillary surface, so that low background noise is maintained with a concomitant improvement of the S/N in the detection. 26 The major attributes of our work are simpler detector set-up, cost-effective, the flexibility of using different excitation wavelengths, and higher detection sensitivity. In this work, our LED-LIF in CE was successfully used to simultaneously separate three kinds of explosive components: p-nitrophenol, 2,4-dinitrophenol and trinitrophenol. It is anticipated that our proposed CE system can be applied to determine the active components in common explosives, and will be especially useful for military and anti-terrorist uses.
Experimental

Apparatus
All experiments were performed on a home-built CE system equipped with a high-voltage power supply (0 -30 kV, Tianjin Dongwen High-voltage Power Factory, Tianjin, China). The in-column fiber-optics LED-IF for CE has been previously described. 25, 27, 28 To further improve the design, a fiber coupling device was used to match the precision translation stage (Fig. 1a) with the optical fiber. Figure 1b displays a schematic diagram of our LED-IF-CE experimental set-up. A capillary (labeled as "2") was specially employed for preventing light escape from the fiber as well as holding the fiber at an optimum position. Compared to our previous LED-IF-CE design, 26, 27 the background noise is reduced and the detection sensitivity is greatly enhanced. These attributes were demonstrated in this work using indirect fluorescence detection in CE.
The precision translation stage was purchased from Zolix Instruments Co., Ltd., Beijing, China. A blue LED (Shifeng Optic and Electronics Ltd., Shenzhen, China; applied voltage, +3.5 V; intensity, 3 mW; peak wavelengths, 480 nm; spectral half widths, 25 nm) was used as the excitation light source. A 20 cm × 40 μm o.d. bare optical fiber (Beijing Glass Institute, Beijing, China) was used for waveguiding the excitation light beam from the LED to the detection zone in the separation capillary. A 55 cm × 75 μm i.d. uncoated fused-silica capillary (Hebei Optical Fiber, China) was used for separation. Fluorescence emission from the sample was collected by a 40× microscope objective with a spatial filter (Olympus, Tokyo, Japan), and passed through a yellow cut-on wavelength filter (515 nm). The fluorescence signal was subsequently detected by a Hamamatsu RH 105 photomultiplier tube (Beijing Hamamatsu Photon Techniques Inc., Beijing, China). The output signal was recorded and processed with a computer using a home-made data-acquisition system.
Chemicals
Trinitrophenol (99.8%) was purchased from Taishan Chemical Plant (Guangdong, China). 2,4-Dinitrophenol (99.7%) was obtained from Reagent Factory (Shanghai, China) and p-nitrophenol (99.7%) was from Xuhang Chemical Plant, China. Sodium dodecylsulfate (SDS ≥ 95.0%) was purchased from Kelong Reagent Factory (Chengdu, China) and sodium tetraborate (99.5%) was obtained from Chengdu Chemical Plant (Chengdu, China).
Fluorescein (99.0%) was from Pharmaceutical Chemical Reagents Station (Shanghai, China). β-Cyclodextrin (β-CD) was purchased from Tianjin Kermel Chemical Reagents Development Centre (Tianjin, China). Milli-Q water with a conductivity of 18 MΩ (Millipore, Bedford, MA) was used throughout this work. All reagents were of analytical grade, or above.
Sample and running buffer preparation
Working solutions of SDS were made freshly each day by dissolving appropriate amounts of SDS in borate buffer (pH 9.0) with sonication. Standards of trinitrophenol, 2,4-dinitrophenol and p-nitrophenol were prepared in borate buffer (pH 9.0) containing SDS. Running buffers containing borate (pH 9.0) and fluorescein (as background reagent) were prepared daily. All stock solutions were stored at 4 C before use. All standard and sample solutions were filtered through 0.45 μm membrane filters before injecting to the separation capillary.
Capillary electrophoresis conditions
A new capillary was treated by flushing with NaOH (1.0 M) for 30 min, Milli-Q water for 5 min, and finally the running buffer for 5 min prior to first use. At the beginning of each day, the capillary was pretreated with 0.10 M NaOH for 15 min, deionized water for 3 min and then the running buffer for 3 min. The capillary was rinsed with deionized water for 3 min, 0.10 M NaOH for 3 min, deionized water for 2 min and the running buffer 3 min, successively, between each run of the sample. Sample solutions were injected into the capillary by siphon injection with the sample vials raised to a height of 20 cm. All separations were performed on a 55.0 × 75 cm i.d. (365 μm o.d. and 52.0 cm effective length) uncoated fused-silica capillary. LED-IF detection in CE was performed by using a blue LED with the maximum wavelength at 480 nm; the background emission of the running buffer containing fluorescein was detected after passing through a spatial filter and a yellow color filter (cut-on wavelength 515 nm). All CE procedures were conducted in the dark at 25 C. Fig. 1 Enhanced light source system equipped with a highly efficient coupling device. Picture a is an overall view of a three-dimension precision translation stage coupled with an objective. Picture b is the whole detection board: (1) optical fiber for waveguiding the excitation light beam, (2) capillary for preventing light from escaping from the fiber and holding the fiber at an optimum position, (3) waste reservoir, (4) separation capillary, (5) detection window, (6) detection board.
Results and Discussion
Effect of pH, injection time, borate concentration and applied voltage
The pH of a running buffer plays an important role in the determination and separation of solutes in the CE system. It can influence not only the fluorescence intensity of fluorescein, but also the electroosmotic flow (EOF) mobility and the electrophoretic mobilities of solutes. 6, 22 The effect of the running buffer pH on separating the types of nitrophenols is displayed in Fig. 2(A) . Satisfactory results could not be obtained at pH < 8.5 or pH > 9.5. At pH 9.0, the maximum signal intensities for nitrophenols were obtained; thus, pH 9.0 was selected as being the optimum pH for the running buffer. Figure 2 (B) displays the effect of the injection time on the signal intensities of nitrophenols. An injection time of 8 s produced the highest sensitivity. Figure 2 (C) depicts the effect of the borate concentration on the signal intensities of nitrophenols. A too high borate concentration will produce excessive Joule heat, resulting in poor separation. It was found that the maximum signal is at 10 mM borate. Finally, the effect of the applied voltage on separation was investigated in the range 12.0 -17.0 kV as depicted in Fig. 2(D) . A higher separation voltage (≥ 17 kV) will cause a lower separation efficiency due to the Joule effect. It was observed that 15 kV of applied voltage produces the best separation and highest sensitivity. In essence, the optimal capillary electrophoresis conditions for the separation of p-nitrophenol, 2,4-diphenol and trinitrophenol are: injection time, 8 s; pH, 9.0; 10 mM borate; applied voltage, 15.0 kV. Other separation factors, such as the SDS and fluorescein concentrations, in the running buffer are discussed in subsequent sections.
Effect of SDS concentration on separation
It has been reported that SDS in the running buffer can enhance the separation of some analytes. As such, its effect on the separation of nitrophenols was investigated in detail. Figure 3 displays the effect of the SDS concentration (40 -100 mM) in running buffers on the separation of p-nitrophenol, 2,4-diphenol and trinitrophenol. The migration time of the nitrophenols increased with an increase in the SDS concentration, attributed to the decrease in the EOF. A too high or too low SDS concentration would not benefit the signal intensity and peak resolution of the nitrophenols. It can be seen that the three nitrophenols are well separated at 80 mM SDS. As such, 80 mM was selected as the optimum SDS concentration, since it can produce a higher separation efficiency and a shorter migration time. It is obvious that our result is different from the literature that SDS concentrations higher than 0.1 M are necessary in order to increase solute-micelle interactions. 29 Another major advantage of our in-column fiber optics LED-IF detection is that the current in the CE system is lowered so that Joule heating is minimized with a concomitant effect of reducing solute broadening. Figure 4 displays the effect of the fluorescein concentration (0.10 -0.22 μM) in the running buffer on the separation of nitrophenols. There are some slight variations of the system peaks (a and e). The variations are attributed to the changes in the fluorescein concentration in the running buffers, resulting in different background signals. Secondly, the sample volume injected to the capillary also varies slightly, leading to changes in the system peaks. The S/Ns of the three nitrophenols were used to indicate the sensitivity of this method using running buffers containing various concentrations of fluorescein. The peak heights of the nitrophneols at 0.18 μM fluorescein are slightly higher than that of other concentrations of fluorescein. However, the separation efficiency, peak shape and resolution do not change much. As a result, 0.18 μM fluorescein was selected as the optimum fluorophore concentration in the running buffer, since it provides a relatively better S/N, peak shape and peak height of the nitrophenols (Fig. 4(3) ).
Optimization of fluorescein concentration
Effect of β-CD on separation
It has been reported that CD could not only improve the separation of solutes, but also enhance the sensitivity and selectivity for indirect fluorometric detection, attributing to the complex formation of CD with the visualization reagent and the sample. 1 In this work, the effect of β-CD at 0.0 -11 mM (with 1.0 mM increment) in the running buffers on the separation of nitrophenols was investigated. Figure 5 depicts electropherograms without and with 2.0 mM β-CD in the running buffers. It is obvious that there is not much improvement in the separation and detection sensitivity of the nitrophenols.
Other concentrations of β-CD in the range 0.0 -11 mM did not help either; α-CD and γ-CD were also studied in this work. It was found that α-, β-or γ-CD does not improve the resolution of the nitrophenols. 
Simultaneous analysis of trinitrophenol, 2,4-dinitrophenol and p-nitrophenol
The simultaneous analysis of nitrophenols can be achieved by using the above-mentioned optimum experimental conditions: pH, 9.0; 10 mM borate; 0.18 μM fluorescein; applied voltage, 15.0 kV; 25.0 C; injection time, 8 s. Figure 6 (A) displays the typical electropherogram of the simultaneous separation and detection of 2.9 mM trinitrophenol, 0.90 mM 2,4-dinitrophenol and 0.75 mM p-nitrophenol. They are well resolved, except that p-nitrophenol comes very close to the system peak e. Nevertheless, this system peak does not too much affect the detection of p-nitrophenol. Figure 6 (B) depicts the electropherogram of nitrophenols at their LOQ concentrations, i.e., 0.23 mM trinitrophenol, 70 μM 2,4-dinitrophenol and 50 μM p-nitrophenol. The system peak e is not so obvious, since the concentrations of nitrophenols injected to the CE are very low. If higher concentrations of nitrophenols are used, this system peak will be larger and more observable. Table 1 summarizes the analytical features of p-nitrophenol, 2,4-dinitrophenol and trinitrophenol in terms of their linear working ranges, LODs and LOQs. The nitrophenols were completely separated in 13 min, and the number of theoretical plates for p-nitrophenol, 2,4-dinitrophenol and trinitrophenol were determined to be 8.1 × 10 6 , 6.5 × 10 6 and 8.4 × 10 6 , respectively.
The reproducibility of the analytical method was evaluated by assessing the migration time and the corrected peak areas of the nitrophenols. Six sequential injections (n = 6) of a standard solution containing 2.9 mM trinitrophenol, 0.90 mM 2,4-dinitrophenol and 0.75 mM p-nitrophenol were conducted under the optimum CE conditions. The precision was interpreted as the RSD (%) of the migration times and corrected peak areas. The reproducibility of analysis is good with RSDs of less than 1%. In essence, the analytical performance suggests that our developed method of indirect fluorescence detection is both reproducible and reliable.
Theory of indirect fluorescence detection
The mechanism of indirect fluorescence detection can be described by the displacement of the fluorescein in the running buffer by the solutes (i.e., nitrophenols) in the sample zone. Nitrophenols and fluorescein would be deprotonated under pH 9.0 to form monoanions and dianion, respectively. The presence of negative charges causes them to move in an opposite direction with the EOF. Since the EOF is larger than the electrophoretic mobilities of the nitrophenol monoanions and fluorescein dianion, their overall migrations are still towards the cathode. In addition, the electrophoretic mobility of the fluorescein dianion is larger than that of the nitrophenol monoanions; thus, the fluorescein dianion (peak e) will stay longer in the capillary, resulting in longer migration time (i.e., come out after the nitrophenols). The negative nitrophenol peaks are due to a decrease in the fluorescein concentration in the solute bands, whereas the positive e peak originates from an increase in the fluorescein concentration, as compared to the background running buffer.
The sensitivity of this detection technique is based on the stability of the fluorescence background signal (dynamic reserve, DR), the effectiveness of displacing the fluorophore from the micelle (transfer number, TR), and the concentration of the fluorophore (Cflu). These quantities are related in the following equation:
where CLOD is the limit of detection. 30 However, it has been reported that there is not much difference in determining CLOD by using Eq. (1) and S/N = 3. 6, 7 As such, the determination of LOD was simply based on S/N = 3 in this work, as displayed in Table 1 .
Conclusion
The indirect fluorescence detection of trinitrophenol, 2,4-dinitrophenol and p-nitrophenol by micellar electrokinetic capillary chromatography with in-column optical fiber LED-IF detection has been successfully developed. The enhanced fluorescence detection method was demonstrated by using a simple LED for excitation instead of a laser. The main attribute of LED-IF detection is the capability or flexibility to choose various excitation wavelengths from near UV to visible-light regions for fluorescence detection. LED-IF can provide a reasonable emission intensity that shows potential in incorporating with a CE detection system. Moreover, LED is cost-effective and durable, having a long working lifetime as compared to that of laser. Our work has demonstrated that CE-LED-IF shows potential for the determination of explosive components, including trinitrophenol, 2,4-dinitrophenol and p-nitrophenol. Unfortunately, because explosive samples are not readily available, the analysis of real samples cannot be realized. Table 1 Analytical features 
